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The  effect  of  hydrostatic  pressure  on  the  optical  absorption  spectra  of  CdSi.,Sex  nanocrystals 
embedded  in  borosilicate  glass  matrix  is  studied.  The  energy  gap  pressure  coefficients  and 
compressibility  values  for  CdS0.4Se0.6  (average  size  2.76  nm)  and  CdSo.22Seo.7g  (3.08  nm) 
samples  are  obtained.  The  effect  of  the  glass  matrix  pressure  upon  the  nanocrystals  is 
discussed. 
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1.  Introduction 

CdS^Se*  nanocrystals  (quantum  dots)  are  of  extensive  scientific  interest  in  view  of  wide 
possible  applications  as  well  as  due  to  quantum-size  effects  arising  from  the  spatial  confinement  of 
charge  carriers  [1-4],  A special  attention  is  paid  to  the  hydrostatic  pressure  effect  on  the  optical 
properties  of  the  nanocrystals,  whose  investigations  enable  the  nanocrystal  parameter  behaviour 
versus  pressure  to  be  traced.  Such  studies  were  carried  out  for  CdSe  [5-10]  and  CdS  [8,  11-14] 
quantum  dots,  both  capped  [5-11]  and  embedded  in  borosilicate  [8,  12]  and  germania  [13,  14]  glass 
matrices.  The  performed  experiments  enabled  not  only  the  values  of  pressure  variation  coefficients 
for  energy  parameters  to  be  determined,  but  also  the  phase  transitions  in  nanocrystals  from  hexagonal 
to  cubic  phase  to  be  reached,  the  transition  pressure  values  being  estimated  from  the  Raman  meas- 
urements [5-9,  11-14],  Much  less  investigated  are  pressure  effects  for  mixed  CdSi.xSev  nanocrystals 
[8,11,15]. 

Here  we  report  the  influence  of  hydrostatic  pressure  on  CdS,.xSex  nanocrystals  embedded  in 
borosilicate  glass  matrix  studied  by  optical  absorption  spectroscopy. 

2.  Experimental 

CdSi.xSex  quantum  dots  were  embedded  in  a matrix  of  S i 02-B203~Zn0-K20-N a20  glass  by 
conventional  solid-state  precipitation  technique  generally  similar  to  that  described  in  [4].  About  5x5 
mm2  plates  with  the  thickness  down  to  0.13  mm  were  prepared  for  optical  measurements. 

The  spectra  were  measured  in  a three-window  optical  pressure  ceil,  benzene  being  used  as  a 
pressure  medium.  The  pressure  was  varied  in  the  range  from  0 to  0.4  GPa  in  increasing  and  decreas- 
ing mode.  A LOMO  MDR-2  monochromator  with  a FEU- 106  phototube  was  used. 

Low-temperature  absorption  measurements  at  normal  pressure  were  carried  out  on  a LOMO 
MDR-23  monochromator  with  a UTREX  cryostat. 

3.  Results  and  discussion 

The  optical  absorption  spectra  of  CdSi,tSe*  nanocrystals  in  the  glass  matrix  at  different  hy- 
drostatic pressure  and  temperature  values  are  shown  in  Figs.  1,  2.  The  composition  of  the  nanocrys- 
tals was  determined  from  the  Raman  measurements  of  the  LO  phonon  frequencies,  corresponding  to 
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the  CdS-  and  CdSe-sublattices  of  the  two-mode  solid  solutions  [16],  by  comparing  them  with  the 
known  Raman  results  for  CdS|_tSet  nanocrystals  in  a broad  compositional  range  [17-19],  The  fea- 
tures in  the  absorption  spectra,  related  to  the  quantum-size  effects  (charge-carrier  confinement)  (See 
Fig.  2),  enabled  us  to  determine,  according  to  [20],  the  mean  radius  of  the  nanocrystals  as  2.76  nm 
(*=0.6)  and  3.08  nm  (*=0.78). 
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Fig.  1.  Hydrostatic  pressure  effect  on  the  optical  absorption  spectra  of  CdS0.4Se0.6  (a)  and 
CdS0.22Se0.78  (b)  nanocrystals  in  borosilicate  glass  matrix.  The  inserts  show  the  dependences 
of  the  energy  gap  Esa  on  the  pressure  value. 

It  should  be  noted  that  while  scaling  in  Figs.  1,  2 the  absolute  values  of  absorption  coefficient 
a,  we  mean  the  absorbance  of  the  samples  (borosilicate  glass  with  the  quantum  dots  embedded),  not 
of  the  quantum  dots  themselves.  The  actual  absorbance  of  the  microcrystals  should  be  much  higher, 
since  the  effective  thickness  of  the  quantum  dots  themselves  is  considerably  smaller  than  the  sample 
thickness,  taking  into  account  the  concentration  of  CdSi-xSe*  in  the  samples  which  follows  from  the 
content  of  the  relevant  components  in  the  initial  mixture  (about  1 %).  Hence,  the  actual  absorption 
coefficient  of  the  nanocrystals  is  by  about  two  orders  of  magnitude  higher  than  that  of  the  composite, 
displayed  at  the  vertical  axes. 
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Fig.  2.  Optical  absorption  spectra  of  CdS0.4Se0.6  (a)  and  CdSo.22Seo.7s  (b)  nanocrystals  in  boro- 
silicate glass  matrix  at  77  and  296  K. 

One  more  point  that  should  be  taken  into  account,  concerns  the  determination  of  the  band  gap 
value  Eg  in  the  nanocrystals.  Generally  it  is  calculated  from  the  experimental  spectra  by  extrapolation 
of  the  a 2(hv)  plot  for  allowed  direct  optical  transitions.  However,  especially  in  disordered  materials, 
when  the  density-of-states  tails  may  smear  the  shape  of  the  absorption  edge,  while  studying  the  edge 
variation  under  different  factors  often  a substitutive  parameter  Ega  is  introduced,  being  determined  as 
the  energy  position  of  the  fixed  absorbance  value  af  [21,  22].  Usually  for  bulk  materials  ctf  is  taken 
of  the  order  of  1 02— 1 03  cm'1.  In  our  case,  due  to  the  above  discussed  difference  in  the  absorbance  of 
the  samples  and  the  actual  absorbance  of  the  nanocrystals,  we  have  chosen  for  defining  Ega  the  value 
af  = 25  cm'1,  what  corresponds  to  the  middle  of  the  edge  part  of  the  spectra. 
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The  increase  of  pressure  is  observed  to  result  in  a blue  shift  of  the  optical  absorption  edge  of 
the  nanocrystals.  This  is  illustrated  by  Fig.  1 where  only  the  edge  part  of  the  spectra  is  shown.  In  the 
investigated  pressure  range  the  absorption  edge  shift  is  linear  (as  seen  from  the  insert  in  Fig.  1)  and 
equals  to  0.041  eV/GPa  for  CdSo.4Se0,6  and  0.039  eV/GPa  for  CdSo.22Seo.78  samples.  These  results  are 
consistent  with  the  band  gap  pressure  coefficients  dEg/dp  for  CdS].xSex  nanocrystals  measured  by 
other  authors  [5,  8,  10,  14]  which  vary  from  0.027  to  0.061  eV/GPa,  depending  on  the  nanocrystal 
size,  composition  and  host  media.  It  should  be  noted  that  dEJdp  values  for  the  bulk  crystals  also  fall 
into  this  interval,  ranging  from  0.033  [23]  to  0.058  [24]  eV/GPa  for  CdS  and  from  0.037-0.040  [23, 
24]  to  0.058  [25]  eV/GPa  for  CdSe. 

The  measurements  were  performed  at  increasing  and  decreasing  pressure,  no  hysteresis  being 
observed  in  the  investigated  pressure  range.  This  indicates  that  CdSi-xSex  nanocrystals  are  in  direct 
contact  with  the  glass  matrix.  It  should  be  noted  that  at  normal  conditions  CdS^Se*  quantum  dots  in 
borosilicate  glass  already  sustain  hydrostatic  pressure  from  the  host  matrix  caused  by  the  specific 
features  of  their  preparation  [26,  27].  While  being  cooled  from  the  synthesis  temperature  to  the  room 
temperature  the  quantum  dots  are  compressed  by  the  matrix  since  the  value  of  thermal  expansion  co- 
efficient for  the  latter  (4g=1.02xl0'5  K’1)  considerably  exceeds  those  for  II— VI  semiconductors.  Then 
the  hydrostatic  pressure  of  the  glass  matrix  A p upon  the  nanocrystals  is  given  by  [27] 

(1) 

2Sn  +2S12  +4Sj3  +S33 

where  Ae  is  thermal  expansion  coefficient  for  the  glass,  A<\  and  A±  - thermal  expansion  coefficients 
for  CdSi.jSe*,  AT  = Ts-  Tm  - the  variation  of  temperature  from  the  synthesis  temperature  Ts  to  the 
measurement  temperature  Tm,  StJ  (i,j=  1,  2,  3)  - elastic  constants  of  CdS^Se*  lattice.  Note  that  Eq.  (1) 
is  applicable  when  the  pressure  is  supposed  to  be  independent  of  the  nanocrystal  size  and  the  nano- 
crystals are  large  enough  to  preserve  hexagonal  crystal  structure,  what  in  the  case  of  CdS].xSex  quan- 
tum dots  is  valid  in  case  their  mean  radius  exceeding  1.5-2. 5 nm  [1,  7,  8],  In  this  case  the  values  for 
bulk  semiconductor  materials  can  be  applied,  for  the  case  of  the  mixed  CdS|.xSex  crystals  they  can  be 
obtained  by  interpolation  of  the  corresponding  values  for  pure  CdS  and  CdSe  which  are  listed  in  Ta- 
ble 1. 


Table  1 . Relevant  parameters  of  bulk  CdS  and  CdSe  crystals. 


Parameter 

CdS 

CdSe 

Reference 

dE^dp,  eV/GPa 

0.033 

1 

[23] 

0.058 

1 

[24] 

[251 

4„,  K'1 

2.6x1  O’6 

2.9x1  O'6 

[27] 

4 1 , K*1 

4.6xl0'6 

4.9xl0"6 

[27] 

Sn,  N~'m2 

2.069xl0'n 

2.338x10’" 

[281 

-0.999x10'" 

-1.122x10'" 

[28] 

Sn,  N-‘-m2 

-0.581x10'" 

-0.572x10'" 

[28] 

S33,  N-'-m2 

1.697x10'" 

1.735x10'" 

[28] 

dEg/dT,  eV/K 

-4.4x1  O'4 

-4.6x1  O'4 

[29] 

-3.8xl0'4 

[30] 

-5.5X10"4 

[31] 

Using  the  quoted  parameters  for  the  bulk  crystals  and  Eq.  (1),  the  hydrostatic  pressure  of  the 
borosilicate  glass  matrix  upon  CdSi_xSex  nanocrystals  for  the  range  of  compositions  under  investiga- 
tion was  calculated  as  Ap&0. 55  GPa  [27]. 


Since  the  borosilicate  matrix  pressure  A p upon  CdSi.xSex  quantum  dots  depends  on  the  sam- 
ple temperature,  its  temperature  variation  could  be  estimated  from  the  optical  absorption  edge  meas- 
urements at  different  temperatures.  Fig.  2 shows  the  relevant  spectra  at  ambient  atmospheric  pressure 
at  77  and  296  K.  As  seen  from  the  figure,  cooling  of  the  samples  results  in  the  absorption  edge  shift 
by  0.07  eV  for  both  nanocrystal  compositions;  note  that  the  features  related  to  the  quantum-size  ef- 
fects also  shift  in  energy  by  the  same  value.  It  should  be  noted  that  both  above  mentioned  methods  of 
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estimating  the  absorption  edge  shift  - by  a 2(hv)  plot  extrapolation  and  by  using  a substitutive  pa- 
rameter Ega , corresponding  to  af  = 25  cm"1,  gave  the  same  value  of  the  temperature-induced  absorp- 
tion edge  shift. 

Since  the  temperature  shift  of  the  absorption  edge  for  CdS^Se*  quantum  dots  in  the  glass 
matrix  results  from  the  combination  of  the  proper  temperature-related  edge  shift  and  the  edge  shift 
due  to  the  temperature-related  increase  of  the  pressure  of  the  host  matrix,  both  of  them  shifting  the 
edge  to  the  higher  energies,  it  could  be  expected,  in  case  the  above  assumption  of  applicability  of  the 
bulk  parameters  for  the  nanocrystals  being  valid,  that  the  corresponding  calculations  would  enable  us 
to  separate  the  contributions  of  these  two  effects  into  the  temperature  shift  of  the  absorption  edge. 
However,  the  experimental  results  have  shown  the  absorption  edge  shift  in  CdSi^Se*  nanocrystals  in 
borosilicate  glass  matrix  at  the  temperature  decrease  from  296  to  77  K (0.07  eV)  to  be  smaller  than 
that  estimated  using  the  interpolated  values  for  the  bulk  crystals  (0.09-0.12  eV)  even  without  the  ac- 
count of  the  host  matrix  pressure  variation.  Hence,  the  values  of  the  relevant  parameters  (dE/dT, 
dE/dP)  for  the  bulk  crystals  cannot  be  applied  for  quantitative  estimation  of  temperature  and  pres- 
sure effects  of  semiconductor  nanocrystals,  since  in  the  latter  confinement-related  changes  in  elec- 
tron-phonon coupling  may  occur  as  well  as  surface-(interface-)  related  effects  can  be  revealed  much 
stronger  due  to  much  higher  surface-to-volume  ratio  what  is  manifested  as  the  decrease  of  phonon 
frequencies  in  Raman  spectra  of  CdS^Se*  nanocrystals  [18,  19]. 

The  energy  gap  temperature  variation  at  constant  pressure  can  be  described  as  [32] 


fdV 

3A 

fdEgl 

ldTJ 

p 

L dT  J 

v"  fi 

l dP  J 

where  A is  the  volume  thermal  expansion  coefficient  and  (3  is  compressibility.  The  first  term  in  this 
expression  corresponds  to  the  contribution  of  electron-phonon  coupling  into  the  energy  gap  variation, 
and  the  second  one  - to  the  gap  variation  due  to  the  crystal  volume  change.  The  performed  experi- 
ments enabled  us  to  obtain  compressibility  values  1.73x10""  Pa-1  and  1.8x10  11  Pa"1  for  CdS04Se06 
and  CdSo2jSeo78  nanocrystals,  respectively.  Hence,  from  Eq.  (2)  the  contribution  of  the  electron- 
phonon  coupling  was  about  4x10 A eV/K  for  both  samples  while  the  gap  variation  due  to  the  nano- 
crystal volume  size  was  about  8.5x10  5 eV/K. 

We  have  studied  the  effect  of  hydrostatic  pressure  on  the  optical  absorption  spectra  for  the 
sample  of  CdSo.4Se0.6  nanocrystals  in  the  borosilicate  glass  matrix  subjected  to  annealing  at  925  K 
during  6 h,  which  was  performed  in  order  to  increase  the  nanocrystal  size  in  the  matrix.  The  meas- 
urements have  shown  the  pressure  variation  of  the  optical  gap  to  decrease  (dE/dP  — 0.03  eV/GPa) 
with  respect  to  the  initial  value.  Hence,  while  describing  the  effects  of  external  factors  on  CdSi.*Sex 
quantum  dots  in  glass  matrices,  the  correct  account  of  the  nanocrystal  size  and  composition  should  be 
carried  out  instead  of  using  the  relevant  parameters  for  the  bulk  crystals. 

4.  Conclusions 

The  performed  optical  studies  of  influence  of  hydrostatic  pressure  effect  on  the  absorption 
edge  of  CdSi.jSe*  quantum  dots  has  enabled  us  to  obtain  the  energy  gap  pressure  coefficients 
dE/dP= 0.041  eV/GPa  for  CdSo.4Se0.6  (r=2.16  nm)  and  0.039  eV/GPa  for  CdSo.22Seo.7s  (r=3.08  nm) 
samples  which  agree  well  with  the  corresponding  values  for  bulk  and  nanocrystalline  CdS  and  CdSe. 

The  investigation  of  hydrostatic  pressure  and  temperature  effect  on  the  optical  spectra  of 
CdSi.xSe*  nanocrystals  in  borosilicate  glass  matrix  has  shown  that  the  correct  description  of  the  ob- 
served effects  requires  the  dependence  of  the  corresponding  parameters  on  the  nanocrystal  size  and 
composition  to  be  taken  into  account. 

Acknowledgm  ent 


The  authors  are  grateful  to  I.P.Studenyak  for  stimulating  discussion. 


Variation  of  CdS^-Se^  nanocrystal  parameters  under  hydrostatic  pressure 


519 


References 

[1]  A.  I.  Ekimov,  A.  A.  Onushchenko,  JETP  Lett.,  40,  1136  (1984). 

[2]  D.  J.  Norris,  M.  G.  Bawendi,  Phys.  Rev.,  B 53,  16338  (1996). 

[3]  S.  V.  Gaponenko,  Fizika  i Tekhnika  Poluprovodnikov  (russ.),  30,  577  (1996). 

[4]  A.  Ekimov,  J.  Luminesc.,  70,  1 (1996). 

[5]  S.  H.  Tolbert,  A.  P.  Alivisatos,  Z.  Phys.,  D26,  56  (1993). 

[6]  S.  H.  Tolbert,  A.  B.  Herhold,  C.  S.  Johnson,  A.  P.  Alivisatos,  Phys.  Rev.  Lett.,  73,  3266  (1994). 

[7]  S.  H.  Tolbert,  A.  P.  Alivisatos,  J.Chem.  Phys.,  102,  4642  (1995). 

[8]  J.  Schroeder,  P.  D.  Persans,  J.  Luminesc.,  70,  69  (1996). 

[9]  J.  N.  Wickham,  A.  B.  Herhold,  A.  P.  Alivisatos,  Phys.  Rev.  Lett.,  84,  923  (2000). 

[10]  J.  Li,  G.  H.  Li,  J.  B.  Xia,  J.  Zhang,  Yu.  Lin,  X.  Xiao,  J.  Phys.:  Condens.  Matter., 

13,2033  (2001). 

[1 1]  J.  Schroeder,  L.  W.  Hwang,  M.  R.  Silvestri,  M.  Lee,  P.  D.  Persans,  J.  Non-Cryst.  Sol., 
203,217(1996). 

[12]  X.  S.  Zhao,  J.  Schroeder,  A.  P.  Persans,  T.  Bilodeau,  Phys.  Rev.,  B43,  12580  (1991). 

[13]  T.  Makino,  M.  Arai,  K.  Matsuishi,  S.  Onari,  T.  Arai,  J.  Phys.:  Condens.  Matter., 
10,10919(1998). 

[14]  T.  Makino,  M.  Arai,  S.  Onari,  K.  Matsuishi, T.  Arai,  Phys.  Stat.  Sol.,  (b)  211,  317  (1999). 

[15]  M.  Silvestri,  J.  Schroeder,  J.  Phys.:  Condens.  Matter.,  7,  8519  (1995). 

[16]  A.  V.  Gomonnai,  A.  M.  Solomon,  V.  A.  Yukhimchuk,  V.  V.  Lopushansky,  Yu.  M.  Azhniuk, 

1. 1.  Turok,  Ukr.  J.  Phys.  Opt.,  2,  3 1(2001). 

[17]  A.  Tu,  P.  D.  Persans,  Appl.Phys.Lett.,  58,  1506  (1991). 

[18]  A.  Roy,  A.  K.  Sood,  Phys.  Rev,  B53,  12127  (1996). 

[19]  A.  Ingale,  K.  C.  Rustagi,  Phys.  Rev,  B58,  7197  (1998). 

[20]  N.  R.  Kulish,  V.  P.  Kunets,  M.  P.  Lisitsa,  Fizika  Tverdogo  Tela  (russ.),  39,  1865  (1997). 

[21]  N.  F.  Mott,  E.  A.  Davis,  Electronic  Processes  in  Non-Crystalline  Materials,  Clarendon  Press, 
Oxford,  1979. 

[22]  I.  P.  Studenyak,  M.  Kranjfec,  Gy.  S.  Kovacs,  V.  V.  Pan’ko,  D.  Desnica,  A.  G.  Slivka, 

P.  P.  Guranich,  J.  Phys.  Chem.  Solids,  60,  1897  (1999). 

[23]  A.  L.  Edwards,  H.  G.  Drickamer,  Phys,  Rev,  122,  1 149  (1961). 

[24]  P.  Cervantes,  Q.  Williams,  M.  Cote,  O.  Zakharov,  M.  Cohen,  Phys.  Rev,  B54,  17585  (1996). 

[25]  J.  R.  Mei,  V.  Lemos,  Sol.  St.  Commun,  52,  785  (1984). 

[26]  P.  D.  Persans,  L.  B.  Lurio,  J.  Pant,  H.  Yiikselici,  G.  Lian,  T.  M.  Hayes,  J.  Appl.  Phys,  87, 

3850  (2000). 

[27]  V.  P.  Kunets,  Ukr.  Fiz.  Zh.  (ukr.),  43,  64  (1998). 

[28]  F.  Cerdeira,  G.  S.  DeWitt,  U.  Rossler,  M.  Cardona,  Phys.  Stat.  Sol,  41,  735  (1970). 

[29]  Tables  of  Physical  Values:  Handbook,  Ed.  by  I.I.Kikoin  (russ.),  Atomizdat,  Moscow  (1976). 

[30]  Numerical  Data  and  Functional  Relationships  in  Science  and  Technology,  Ed.  by  O.Madelung, 
Vol.  Ill- 1 7b,  Springer,  Berlin  (1982). 

[31]  T.  Komatsu,  T.  Nakagawa,  K.  Matusita,  J.  Mater.  Sci.  Lett,  14,  1023  (1995). 

[32]  J.  F.  Nye,  Physical  Properties  of  Crystals.  Their  Representation  by  Tensors  and  Matrices, 
Clarendon  Press,  Oxford  (1964). 


